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Available online 4 August 2015AbstractFor the purpose of improving the interface adhesion strength and thermal shock resistance of SiC coating for C/CeZrCeSiC composites, a
carbon nanotube (CNT)-toughened interlocking buffer layer was constructed between the SiC coating and C/CeZrCeSiC substrates by pre-
oxidation and chemical vapor deposition. After incorporating CNTs, the fracture toughness of the buffer layer increased by 55.7%. The
interface adhesion strength between SiC coating and C/CeZrCeSiC composites was up to 6.8 N, which was 195.7% higher than that of the SiC
coated specimens without CNT-toughened interlocking buffer layer. After 25-time thermal shock cycling between 1773 K and room temperature,
the mass loss of the coated specimens decreased by 64.4%. The significant enhancement of interface bonding strength and thermal shock
resistance of SiC coating was mainly due to the simultaneous existence of micron scale “pinning effect” of the inlaid SiC coating and nanoscale
toughing mechanism of CNTs.
© 2015 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Carbon/carbon (C/C) modified by ultra-high temperature
ceramics (UHTCs) composites not only combine the advan-
tages of ceramic and carbon materials in term of thermo-
structural and functional performance, but also overcome
some of their shortcomings [1,2]. Owing to their remarkable
mechanical properties, C/C-UHTCs composites have been
largely used in aerospace and aircraft industries [3e6]. Un-
fortunately, due to the rapid oxidation of carbon and ceramic
matrix, C/C-UHTCs composites are lack of stability in air at
elevated temperature [7], which limits their further applica-
tions in extremely environment.* Corresponding author. Tel.: þ86 29 88494197; fax: þ86 29 88495764.
E-mail address: fuqiangang@nwpu.edu.cn (Q.-g. Fu).
Peer review under responsibility of The Chinese Ceramic Society.
http://dx.doi.org/10.1016/j.jmat.2015.07.006
2352-8478/© 2015 The Chinese Ceramic Society. Production and hosting by Elsevi
creativecommons.org/licenses/by-nc-nd/4.0/).SiC coating, has thus been employed to protect C/C-
UHTCs composites at high temperature. So far, various
methods have been explored to fabricate SiC coating [8e10].
In particular, chemical vapor deposition (CVD) is a simple
and effective method to produce homogenous coating with
various shapes. The oxidation resistant ability of the coated
specimens is strongly associated with the interface bonding
strength between coating and substrate [11]. Up to now, the
adhesion ability of CVD-SiC coating is still not very exciting
[12]. Moreover, due to the mismatch of coefficients of ther-
mal expansion (CTEs) between the SiC coating (5  106/K)
and C/CeZrCeSiC substrate (2  106/K), microcrack will
generate in the coating during the cooling process from high
to low temperature, which can serve as diffusion channel for
oxygen to attack the underlying substrate.
Constructing a transition layer with an inlaid structure by
pre-oxidation treatment has been proved to be a feasible wayer B.V. This is an open access article under the CC BY-NC-ND license (http://
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C/C composites [13]. However, challenge still remains due to
the existence of the mismatch of CTEs at the SiC/C interface.
Recently, owing to the exotic mechanical, thermal and elec-
trical properties, carbon nanotube (CNT) as a relatively new
type of nano-structured material has attracted much attention
[14,15]. CVD is the most common method to fabricate CNTs,
which demands a tough acid treatment for substrate and time-
consuming deposition of metal catalyst before growth [16].
Injection chemical vapor deposition (ICVD) method is a
process for effectively and uniformly fabricating high-
purified CNTs. It involves the simultaneous pyrolysis of so-
lutions containing both the catalyst precursor and the hy-
drocarbon source [17]. Thus, in order to further improve the
bonding strength of the coating and alleviate the mismatch of
CTEs between the coating and substrate, it is worthy to de-
posit CNTs into the porous structure prepared by pre-
oxidation and construct a CNT-toughened SiC interlocking
buffer layer.
In this work, for fabricating a SiC coating with CNT-
toughened interlocking buffer layer, C/CeZrCeSiC com-
posites were pre-oxidized to obtain a porous surface firstly.
Then an ICVD method was applied to deposit CNTs into the
as-prepared porous structure. After that, the porous structure
with CNTs was filled with CVD-SiC coating. The micro-
structures of CNTs, inner CNT-toughened interlocking buffer
layer and outer SiC coating were investigated. The adhesion
strength and thermal shock resistance of SiC coating for C/
CeZrCeSiC composites were also studied.
2. Experimental procedure2.1. Preparation of SiC coated C/CeZrCeSiC
compositesFig. 1. The schematic diagram of preparing SiC coated C/CeZrCeSiC
composites with CNT-toughened interlocking buffer layer.2.5-D needled carbon felts (0.45 g/cm3) were densified by
thermal gradient chemical vapor infiltration (TCVI) to obtain
porous C/C composites with a density of 1.18 g/cm3. Using
xylene as solvent, zirconium-containing polymer (PZC) and
polycarbosilane (PCS) were dissolved and mixed with a mass
radio of 3:1 to form a homogenous solution, which was used
as ZrCeSiC precursor. After immersed for 25e30 min in the
precursor under vacuum, the composites were took out and
dried in a drying oven at 353 K for 24 h. And then, the dried
composites were undergone a pyrolysis process at
1773e1873 K for 2 h in a flowing Ar atmosphere. The above
infiltration-pyrolysis process was repeated for several times
until the mass increase percentage of composites was no more
than 1%.
Small cubic specimens (8  8  8 mm3) and scratch test
specimens (20  10  5 mm3) used as substrates were cut
from as-prepared C/CeZrCeSiC composites with a density
of 2.16e2.20 g/cm3, then were hand-abraded with 300-grit
SiC paper and cleaned in an ultrasonic device for 20 min.
C/CeZrCeSiC specimens were treated by pre-oxidation
process to obtain a porous surface structure. A muffle furnace
with an automatic temperature control system was employedfor pre-oxidation. According to our previous work [12], the pre-
oxidation time and temperature were chosen as 5 min and
1073 K, respectively. The depth of hole formed by pre-
oxidation treatment was about 90 mm.
Then, CNTs were synthesized on the pre-oxidized C/
CeZrCeSiC substrates using ICVD technique under ambient
pressure in a horizontal quartz reactor equipped with an
electrical furnace. A mixture solution consisting of 1.2 wt.%
ferrocene, 76.8 wt.% ethanol and 22 wt.% ethylenediamine
was fed into the reaction tube at a rate of 10 mL/h by a syringe
pump. The reaction temperature was 1058 K and the growth
time was 15 min.
After preparing the porous network of the CNTs, CVD was
utilized to obtain SiC coating on the C/CeZrCeSiC sub-
strates. H2 and Ar were used as the carrier gas and the diluent
gas, respectively. Methyltrichlorosilane (MTS) as the precur-
sor was brought into the reaction chamber by bubbling H2.
The flow rates of H2, MTS and Ar were 800 mL/min, 100 mL/
min and 100 mL/min, respectively. The deposition tempera-
ture was 1373 K and the deposition time was 10 h. The
fabrication process of SiC coated C/CeZrCeSiC composites
with CNT-toughened interlocking buffer layer is depicted in
Fig. 1.2.2. CharacterizationThe fracture toughness (Kc) of the coatings was measured
on the well-polished cross-section of the coatings by the
indentation method using a micro-hardness tester with a
Vickers indenter. A load of 0.2 kg was used to generate the
microcracks in the coatings. The fracture toughness was
calculated using Antis equation [18]:
KC ¼ c

E
H
1=2
p
c3=2
ð1Þ
where c is an empirical constant of 0.016 [19], E is the
elastic modulus, H is the hardness, P is the applied load and
c is the average radial microcrack length formed from
indentation.
Scratch tester (WS-2005 multi-functional tester. China)
equipped with a C diamond pinhead (cone apex angle 120, tip
radius 0.2 mm) was employed to estimate the interface
adhesion strength between SiC coating and C/CeZrCeSiC
247Q.-g. Fu et al. / Journal of Materiomics 1 (2015) 245e252composites. Scratch test was carried out by applying a
constantly changing load which ranged from 0 to 10 N during
sliding on the 5 mm path.
Thermal cycling test was performed between 1773 K and
room temperature in air to investigate the thermal shock
resistant property of the coated specimens. After oxidation
for 8 min at 1773 K in the furnace, the coated specimens
were taken out to cool down to room temperature in air. An
electronic balance with a sensitivity of ±0.1 mg was used to
weigh the coated specimens. Then, the coated specimens
were put into the furnace again for the next cycle. The
mass loss rates of the specimens were obtained by calcu-
lating the average mass loss rates of three specimens. Cu-
mulative mass losses of the coated specimens after each
thermal cycle were reported as a function of the thermal
cycling time.
The morphologies of CNT-toughened interlocking buffer
layer and SiC coating were analyzed by a scanning electron
microscopy (SEM, JSM-6700). The crystalline structures ofFig. 2. Surface images of C/CeZrCeSiC compo
Fig. 3. Surface (a and b) and cross-section (c and d) of SEM images of the CNTsSiC coating was analyzed by X-ray diffraction. (XRD, X Pert
PRO, PANalytical, Almelo, The Netherlands).
3. Results and discussion3.1. Microstructures of C/CeZrCeSiC substratesFig. 2 shows the typical surface SEM morphology of C/
CeZrCeSiC composites before and after pre-oxidation. As
presented in Fig. 2a, the pyrolytic carbon and fibers are
bonded well before pre-oxidation process. In addition, the
surface of specimen is nearly defect-free, with only a few
holes formed during the preparation of C/CeZrCeSiC com-
posites. After pre-oxidation for 5 min, circular micro-gaps (as
shown in the insert of Fig. 2b) appear at the interface between
the pyrolytic carbon and fibers, indicating the preferred
oxidation of the pyrolytic carbon/fiber interface [20]. By the
formation of the porous surface structure, CNTs and SiC
coating material should be easily deposited into the substrates,sites before (a) and after (b) pre-oxidation.
on the substrate: (a and c) low-magnification; (b and d) high-magnification.
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layer.3.2. Microstructure of CNTs and SiC coating on C/
CeZrCeSiC substratesFig. 3a and b shows the surface images of C/CeZrCeSiC
substrate after the deposition of CNTs. It can be observed that
the surface of specimen is homogeneously and uniformly
covered by a great deal of randomly-oriented CNTs, which
range from 70 to 100 nm in diameter and are over dozens of
microns in length. Fig. 3c and d displays the cross-section
morphologies of C/CeZrCeSiC substrate after the deposi-
tion of CNTs. It is interesting to find that, due to the existenceFig. 4. Cross-section of SEM images of the SiC coating on C/CeZrCeSiC su
Fig. 5. XRD analysis (a) and surface images of the SiC coated C/CeZrCeSiC sof circular micro-gaps, CNTs can deposit into the substrate
during the ICVD process and firmly root onto the fibers.
Fig. 4 shows the cross-sectional BSE image of SiC coating
on C/CeZrCeSiC substrates, from which the interface can be
seen clearly. For the SiC coated C/CeZrCeSiC specimen
(Fig. 4a), the coating and substrate are distributed separately
and no transition interface is found. It is resulted from the high
density of C/CeZrCeSiC composites and little channel for
MTS to infiltrate into the substrate. But for the coated spec-
imen with pre-oxidation and deposition of CNTs, there is an
obvious transition layer with about 87.5 mm in thickness, as
shown in Fig. 4b. In addition, the outer SiC coating and inner
transition buffer layer are of a dense and homogeneous
structure, indicating that MTS could infiltrate into not only thebstrates without (a) and with (b) CNT-toughened interlocking buffer layer.
ubstrates without (b) and with (c) CNT-toughened interlocking buffer layer.
Table 1
Mechanical properties of the coatings.
SiC coating Hardness
(GPa)
Elastic modulus
(GPa)
Fracture toughness
[MPa m1/2]
Without CNTs 32.0 ± 0.8 328.5 ± 15.4 2.4 ± 0.3
With CNTs 36.3 ± 0.9 370.4 ± 16.7 3.7 ± 0.4
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3-D porous network structure. As a result, a transition of CTEs
is realized by large-scale inlaid interface and the mismatch of
CTEs between the coating and substrate is expected to be
minimized.
Fig. 5 reveals the surface XRD and SEM images of the SiC
coated C/CeZrCeSiC composites with and without CNT-
toughened interlocking buffer layer. Combined with XRD
analysis, it can be confirmed that the coating is b-SiC, as
shown in Fig. 5a.
SiC coating could be realized by the decomposition of MTS
based on the following reaction [11]:
CH3SiCl3ðgÞ/SiCðsÞ þ 3HClðgÞ ð2Þ
In addition, during the deposition, not only SiC but also
some free Si and C would form. The free Si could react with
carbon fiber and matrix, which was served as the bonding
force of coating and substrate [21]. However, the deposition
temperature of CVD (1373 K) was much lower than the other
coating fabrication methods such as pack cementation
(2373 K) [21] and spark plasma sintering (2073 K) [22],
resulting in a relatively weak reaction and poor bonding
strength. Moreover, due to the mismatch of CTEs between
coating material (5  106/K) and C/CeZrCeSiC substrateFig. 6. SEM images of the fracture surface of co(2  106/K), the coating was suffered tensile stress during
the cool-down process from fabrication temperature (1373 K)
to room temperature, contributing to a small amount of
microcracks generated in the coating. For the SiC coated C/
CeZrCeSiC specimens, the breadth of the widest microcrack
of the coating is about 4.0 mm, as shown in Fig. 5b. By
contrast, after constructing a CNT-toughened interlocking
buffer layer, the widest microcrack is only 2.1 mm, as dis-
played in Fig. 5c. The decrease of microcrack sizes demon-
strates that the buffer layer with CNT-toughened interlocking
structure could suppress the microcrack of the coating formed
during the fabrication process. The effect of CNT-toughened
interlocking structure on suppressing the micro-crack should
be attributed to the following two reasons. Firstly, owing to the
pre-oxidation treatment, the infiltration of SiC coating material
into the substrate can increase the bonding area of coating/
substrate interface and play a role of “pinning effect” at
micron scale, which is beneficial to suppress the micro-crack.
Secondly, the nanoscale toughening mechanisms including
CNT pulling out, bridging and debonding will happen during
the prolongation of the micro-crack [17]. So the micro-crack
of coating is suppressed after constructing a CNT-toughened
interlocking buffer layer.3.3. Fracture toughness of the coatingsFracture toughness of the coating was measured using
Antis equation based on the generation of the radial micro-
crack during Vickers indentation. The results clearly repre-
sent that the fracture toughness of the inner CNT-toughened
SiC interlocking buffer layer is up to 3.67 ± 0.35 MPa m1/2,
which is 55.67% higher than that of outer SiC coatingating: (a) without and (b and c) with CNT.
Fig. 7. Variation of acoustic emission signal with sliding load for the coated specimens without (a) and with (b) CNT-toughened interlocking buffer layer.
Fig. 8. Schematic illustration images of coating debonding mechanism: (a) without and (b) with CNT-toughened interlocking buffer layer.
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can be deduced the positive role of CNTs in the toughness
effect.
Fig. 6 shows the microstructure of the fracture surface of
the coating. It is clear that the fracture surface of the coating
without CNT is smooth, while the surface of the coating with
CNT is relative coarse, as displayed in Fig. 6a and b. In
addition, it should be noticed that numerous CNTs exhibit
debonding and pulling out features (indicated by red arrows)
in Fig. 6b, which could dissipate much energy during the
microcrack propagation and improve the toughness of the
coating. Moreover, individual CNT bridging the SiC grain
faces can be observed in Fig. 6c. Once the CNT is pinned to
the adjoining coating matrix, the nanoscale mechanical inter-
locking could be well constructed between the nodes of CNT
and the surrounding matrix. The stress would be effectively
transferred to the CNT because of its excellent mechanical
property. Therefore it can be inferred that the CNTs could
significantly enhance the fracture toughness by the above-
mentioned toughing mechanisms.3.4. Bonding strength of the coatingsFig. 9. Thermal shock curves of the coated specimens.Scratch test is an effective method to assess the interface
adhesion strength between the coating and substrate [11]. The
corresponding results of the coated specimens are shown in
Fig. 7. For the acoustic emission scratch test, the abrupt in-
crease of the acoustic emission signal implies the adhesivefailure of the coating. As presented in Fig. 7a and b, for the
coated specimens without and with buffer layer, the first
obvious acoustic emissions were detected at and 2.3 and 6.8 N,
respectively, indicating a much stronger bonding strength of
the coating with CNT-toughened interlocking transition layer.
For better understanding of the function of this CNT-
toughened interlocking structure, a schematic was made
(Fig. 8). As we all known, caused by the loading force, there is
a parallel tensile stress at the coating/substrate interface during
the scratch test, which would lead to the coating debonding.
Fig. 10. Surface SEM morphologies of the coating after thermal shock: (a) without and (b) with buffer layer.
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coating with CNT-toughened interlocking transition layer
should be resulted from the following reasons. Firstly, owing
to the pre-oxidation, the infiltration of coating material into the
substrate could play a role of “pinning effect” at micron scale.
When the coating was subjected to shearing force, the
“pinning effect” could make it more difficult to debond.
Additionally, the increase of the bonding area caused by pre-
oxidation was also beneficial to the increase of bonding
strength. Secondly, when the coating was going to be peeled
off from the substrate, a great deal of CNTs would bridge at
the coating/substrate interface, and there is a nanoscale me-
chanical interlocking between the coating and substrate due to
the CNT bridging. Thus the coating is difficult to debond from
the substrate. Finally, the CNTs would be pulled out from the
substrate. This process could dissipate much debonding en-
ergy. That is, the nanoscale interlocking mechanisms between
the coating and substrate were expected to further enhance the
adhesion strength of the coating.3.5. Thermal shock resistance of the coated specimens
with CNT-toughened interlocking buffer layerThe thermal shock resistance of coated specimens was
investigated between 1773 K and room temperature, and the
mass loss curves of the coated specimens are shown in Fig. 9.
For the coated specimens with and without CNT-toughened
interlocking buffer layer, the mass loss curves can be fitted
as y ¼ 0.00022x3 þ 0.00997x20.03574x0.05809 and
y ¼ 0.00182x3 þ 0.09568x20.36421x þ 0.07039, respec-
tively. The oxidation rates of the coated specimens are
strongly affected by the diffusion of oxygen through the
microcracks in the coating. So the different slopes of tangents
in two curves suggest the different sizes of the microcracks. In
the whole thermal shock test, the tangent slope of the coated
specimens with CNT-toughened buffer layer is much smaller
than that of coated specimens without buffer layer, indicating a
significant improvement in restraining the spread of micro-
cracks. After 25-time thermal shock cycling, the mass loss of
the coated specimens with CNT-toughened buffer layer is only
about 7.58%, while that of the coated specimens without
buffer layer is up to about 21.33%. Thus, it can be concluded
that the construction of CNT-toughened interlocking structurebetween the coating and substrates can indeed enhance the
thermal shock resistance of the coated specimens.
Fig. 10 exhibits the surface SEM morphologies of the
coating after thermal shock. For the SiC coated C/
CeZrCeSiC specimen (Fig. 10a), some microcracks are
present on the surface, which could provide diffusion paths
for oxygen and lead to the oxidation of underlying C/
CeZrCeSiC substrate. The breadth of the widest microcrack
is about 22.5 mm, as shown in the insert of Fig. 10a. Addi-
tionally, part of coating debonding can be clearly found
(indicated by white arrows), which is coincident with the
scratch test result that the bonding strength between the
CVD-SiC coating and C/CeZrCeSiC composites is poor.
After construction a CNT-toughened interlocking buffer
layer, there is an obvious decrease of microcrack size after
25-time thermal cycling and the widest microcrack is merely
about 8.6 mm. Moreover, no coating debonding is observed,
as displayed in Fig. 10b. Three major reasons should be
resulted in the improvement of thermal shock resistance.
Firstly, according to the results of fracture toughness test,
there is an enhancement of fracture toughness after intro-
ducing CNTs into the coating, indicating that the microcrack
is more difficult to generate and expand during the thermal
shock. Secondly, owing to the pre-oxidation treatment and
the incorporation of CNTs, two interlocking mechanisms,
each acting at the micron and the nanoscale, contribute to
much stronger adhesion strength between the coating and
substrate, leading to a good interface bonding in the whole
25-time thermal shock cycling. Thirdly, It has been proved
that the introduction of SiC nanowire could decrease the CTE
of HfC (6.7  106/K) ceramic [23]. Additionally, according
to the research of Alamusi et al., the CTE of CNT is closed to
zero [24] while that of SiC is 5  106/K. Thus, because of
the addition of CNT, it is believed that the CTE of SiC buffer
layer is reduced and a transition of CTEs can be realized.
Therefore, the microcrack size was restrained effectively
during the thermal shock, resulting in a better thermal shock
resistance of the coated specimens.
4. Conclusions
The effect of CNT-toughened interlocking buffer layer on
the interface bonding strength and thermal shock resistance of
252 Q.-g. Fu et al. / Journal of Materiomics 1 (2015) 245e252SiC coating for C/CeZrCeSiC composites was investigated.
The incorporation of CNTs led to an increase of fracture
toughness of the buffer layer. The interface bonding strength
was enhanced and the microcrack size after 25-time thermal
shock cycling in air was restrained owing to the construction
of CNT-toughened buffer layer. This layer could effectively
alleviate the mismatch of the CTEs between SiC coating and
C/CeZrCeSiC composites, enhancing the interface bonding
strength and thermal shock resistance of SiC coating
contributed to the simultaneous existence of nanoscale rein-
forcement mechanism of CNTs and microscale “pinning ef-
fect” of inlaid CVD-SiC coating.
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